Transcriptional regulation of the HOXA genes is thought to involve CTCF-mediated chromatin 26 loops and the opposing actions of the COMPASS and Polycomb epigenetic complexes. We 27 investigated the role of these mechanisms at the HOXA cluster in AML cells with the common 28 NPM1c mutation, which express both HOXA and HOXB genes. CTCF binding at the HOXA 29 locus is conserved across primary AML samples, regardless of HOXA gene expression, and 30 defines a continuous chromatin domain marked by COMPASS-associated histone H3 31 trimethylation in NPM1-mutant primary AML samples. Profiling of the three-dimensional 32 chromatin architecture of NPM1-mutant OCI-AML3 cells identified chromatin loops between the 33 active HOXA9-HOXA11 genes and loci in the SNX10 gene and an intergenic region located 34 1.4Mbp upstream of the HOXA locus. Deletion of CTCF binding sites in OCI-AML3 cells 35 reduced these interactions, but resulted in new, CTCF-independent loops with regions in the 36 SKAP2 gene that were marked by enhancer-associated histone modifications in primary AML 37 samples. HOXA gene expression was maintained in the CTCF deletion mutants, indicating that 38 transcriptional activity at the HOXA locus in NPM1-mutant AML cells does not require long-39 range CTCF-mediated chromatin interactions, and instead may be driven by intrinsic factors 40 within the HOXA gene cluster. 41 48 expressed), and that expression patterns correlate with recurrent AML mutations (1). HOX 49 expression is most closely associated with AMLs with MLL rearrangements, which exclusively 50 express HOXA genes, and AMLs with the recurrent NPM1c mutation, which nearly always 51 express both HOXA and HOXB cluster genes. The high prevalence of NPM1 mutations make 52 the combined HOXA/HOXB expression pattern the most common HOX phenotype in AML 53 patients. However, the regulatory mechanisms that drive this expression pattern are poorly 54 understood.
Introduction

42
The HOX genes encode developmentally regulated transcription factors that are highly 43 expressed in acute myeloid leukemia (AML) and are important drivers of malignant self-renewal 44 in this disease. Understanding how HOX genes are regulated in AML may therefore provide 45 valuable information about the mechanisms that initiate and promote leukemogenesis. Previous 46 studies have shown that expression of HOX family members in AML is nearly always restricted to specific genes in the HOXA and/or HOXB gene clusters (HOXC and HOXD genes are rarely domains identified using HICCUPS and arrowhead, respectively, with default parameters (25).
Chromatin loops from wild type and mutant OCI-AML3 cells were merged using bedtools 147 'pairToPair' function (26) with 5,000 bp overlap. Pairwise and joint comparisons of chromatin 148 loop intensities were performed with hicCompare (27) and multiHicCompare (28), respectively, 149 using raw contact counts from chromosome 7 obtained from the juicer hic file at 25 kbp 153 154 Data availability. All processed sequence data from this study (e.g., bigwig files for ChIP-seq,
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TPM values for RNA-seq, and Hi-C contact matrices) are available for public download at the 156 following site: https://wustl.box.com/v/ghasemiCTCFHOXA. Raw sequence files for cell lines will signals were present near the promoters of HOXA4, and HOXA5. All four major CTCF peaks We next determined whether these CTCF binding events defined chromatin domains in primary Targeted deletions at the HOXA locus eliminate CTCF binding but do not affect viability 197 in NPM1-mutant OCI-AML3 cells
198
We sought to define the sequences that are required for CTCF binding at the HOXA locus, and 199 determine whether loss of these DNA elements has functional consequences in NPM1-mutant 200 AML cells. To this end, we used the OCI-AML3 cell line with a canonical NPM1 insertion 201 mutation and that expresses MEIS1 and genes in both the HOXA and HOXB clusters (ref. 30; 202 see Figure 3A ). This pattern was unique to OCI-AML3 cells and was not observed in cell lines 203 with other mutation-associated HOX expression phenotypes, including MLL-rearranged 204 MOLM13 cells that expressed only HOXA genes, and the RUNX1-RUNX1T1-containing 205 Kasumi-1 cell line, which had low HOX expression. ChIP-seq for CTCF using OCI-AML3 cells 206 identified the four conserved CTCF sites observed in primary AML samples (Figures 3B, S3A) 207 and peaks in the anterior HOXA cluster that were variably present in the primary AML samples 208 (see Figure 1A ). ChIP-seq for H3K4me3 and H3K27me3 also demonstrated an active chromatin 209 domain between HOXA9 and HOXA13 ( Figure 3B ), which was consistent with the patterns of 210 gene expression in this cell line, but different from chromatin domain boundaries in primary AML 211 samples. However, the histone modifications between CBSA7/A9 and CBSA10 were shared 212 between OCI-AML3 cells and NPM1-mutated primary AML samples, indicating that regulatory 213 mechanisms in this specific region are conserved between primary AML samples and OCI-214 AML3 cells.
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We next used CRISPR/Cas9-mediated editing to delete the three conserved CTCF binding sites 217 in OCI-AML3 cells (CBSA6/7, CBSA7/9 and CBSA10). The resulting mutations did not 218 appreciably alter markers of cell maturation in the edited cells ( Figure S3B ), and the deletion 219 frequency at CBSA7/9 and CBSA10 remained stable after 7 and 14 days; CBSA6/7 deletion 220 was less efficient, and showed a modest decrease in deletion frequency over time ( Figure S3C ). least 5 individual clonal lines with homozygous deletions at each of the three sites (see Table   223 S3), with deletions as small as 25, 10, and 9 bp sufficient to eliminate nearly all CTCF ChIP-seq 224 signal from CBSA6/7, CBSA7/9, and CBSA10, respectively ( Figure 3C 
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We selected 45 OCI-AML3 deletion mutants for HOXA9 expression analysis via RT-qPCR to 233 assess whether loss of CTCF binding affected HOXA9 expression. Surprisingly, HOXA9 234 expression was largely unchanged in all lines with deletions, with little evidence for consistent 235 reduction in expression across the homozygous mutant clones and no trend toward decreased 236 expression between wild type, heterozygous, and homozygous single mutants ( Figure 4A ) or 237 multiply mutated clones ( Figure 4B ). Expression analysis via RNA-seq showed modest 238 increases in the expression of the anterior HOXA genes HOXA1-HOXA7 in lines with CBSA7/9 239 deletions, and subtle increases in the posterior HOXA9-HOXA13 genes when CBSA10 was 240 deleted (Figures 4E, 4D, S4A). However, most mutant lines showed few expression changes.
241
Furthermore, a heterozygous single nucleotide polymorphism (SNP) in the HOXA9 gene 242 showed balanced expression of both alleles in wild type OCI-AML3 cells, and in all mutant lines, 243 except for two with large mutations that involved the posterior HOXA cluster ( Figure S4B ).
245
ChIP-seq for H3K4me3 and H3K27me3 was also performed on multiple mutants to determine 246 whether loss of CTCF binding altered chromatin boundaries. H3K4me3 signal was reduced was modestly decreased across the anterior HOXA genes in CBSA7/9 mutants; few changes gene ( Figure 5B and S5C; red loops indicate chromosome-wide FDR<0.05). These findings 275 were confirmed via statistical analysis of joint normalized contact frequencies from all samples, 276 which demonstrated that mutant cells had significantly reduced interaction frequencies between 277 the HOXA cluster and SNX10 and the intergenic region, and increased interactions with two 278 SKAP2 loci (chromosome-wide FDR<0.05; Figure 5C ). To define the specific HOXA genes 279 involved in these changes, we mapped the positions of HOXA-SKAP2 interacting reads within 280 the HOXA locus. This showed that SKAP2-HOXA loops involved the anterior HOXA genes and 281 intron 1 of SKAP2 in wild type cells ( Figure 5D , top panel, shown in black); however, in mutant 282 cells there were increased interactions between the posterior HOXA genes HOXA9-HOXA13 283 and intron 11 of SKAP2 ( Figure 5D , top panel, shown in red). Interacting reads with SNX10 and 284 the intergenic locus showed the opposite pattern, and were decreased in the posterior HOXA 285 cluster ( Figure S5D ), indicating that loss of CTCF binding resulted in 'spreading' of the proximal 286 SKAP2 interactions to include the posterior HOXA genes ( Figure 5E ). There were no clear 287 differences between cells with only CBSA7/9 deletions only, vs. double or triple deletions, 288 suggesting that CBSA7/9 is critical for defining long-distance chromatin interactions with the 
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Our data showed that transcriptional activity and active histone modifications remained highly 364 localized to the posterior HOXA cluster in OCI-AML3 cells, even after elimination of key CTCF 365 boundaries. In fact, there was a tendency for deletion mutants to show increased HOXA gene 366 expression levels compared to wild type cells. This suggests the posterior HOXA cluster 367 possesses intrinsic properties that maintain its active state. It is unclear whether this activity is 368 caused by the compensatory interactions we observed, or if these chromatin loops are 369 consequences of persistent gene expression that is mediated by autonomous, sequence-370 specific factors that recruit transcriptional machinery. The HOXA cluster contains many highly 371 conserved noncoding elements beyond CTCF binding sites. Additional studies will be required 372 to better understand whether these elements provide key signals that promote and maintain MEIS1  HOXA1  HOXA2  HOXA3  HOXA4  HOXA5  HOXA6  HOXA7  HOXA9  HOXA10  HOXA11  HOXA13  HOTTIP  HOXB1  HOXB2  HOXB3  HOXB4  HOXB5  HOXB6  HOXB7  HOXB8  HOXB9  HOXB13   0 I.F.
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